The synthesis, characterization and metal complexation of a new class of perylene bisimides (PBIs) being an integral part of ethylenediaminetetraacetic acid (EDTA) -is reported. The simplest representative, namely derivative 1a, was synthesized both by a convergent as well as a direct approach while the elongated derivatives, 1b and 1c, were obtained only via a convergent synthetic pathway. All these new prototypes of water-soluble perylenes are bolaamphiphiles and were fully characterized by 1 H-and 13 C-NMR spectroscopy, matrix assisted laser desorption ionization -time of flight (MALDI-TOF) mass spectrometry and IR spectroscopy. In order to acquaint for the behaviour in solution of our PBIs bearing dentritic wedges, the simplest derivative, 1a, was chosen and tested by means of UV/Vis and fluorescence spectroscopy as well as by zeta-potential measurements. A photoexcitation induced intramolecular photo-electron transfer (PET) can be observed in these molecules. Therefore potential applications as sensor can be imagined. Model compound 1a efficiently coordinates trivalent metal cations both in water and in dimethyl sulfoxide (DMSO). Significantly, the effects of the complexation strongly depend on the aggregation state of the PBI molecules in solution.
Introduction
Perylene bisimides (PBIs) represent a class of aromatic chromophores with a series of interesting properties. From an industrial point of view they find wide spread applications as high-performance pigments 1 due to their fascinating optoelectronic and electrochemical properties. 2 Therefore, they represent integral components in photovoltaic devices, 3 sensors, 4 OLEDs, 5 OFETs 6 as well as dyelasers 7 and have been used as building blocks for liquid crystals, 8, 9 for membrane labelling 10 and in the photodynamic therapy.
11
PBIs are usually insoluble in water. Therefore, several attempts have been performed in order to increase the solubility in aqueous media, either with functionalization in the bay region [12] [13] [14] [15] [16] or at the side imide groups. [17] [18] [19] [20] [21] [22] [23] [24] [25] Recently, we have introduced a series of highly water-soluble PBIs containing anionic (R Their aggregation behavior in dependence of pH value, ionic strength and concentration [26] [27] [28] has been investigated and based on their pronounced solubility, their ability to exfoliate and stabilize single walled carbon nanotubes (SWCNTs) 29 and graphene in water 30, 31 has been demonstrated.
Here, we report the synthesis, characterization and properties of a new family of PBI-based amphiphiles.
These derivatives belong to a novel class of PBI-based surfactants, where di-and polyamine spacers have been used as building blocks for the construction of arrays of oligocarboxylic acid molecules. They can be regarded as elongated ethylenediaminetetraacetic acid (EDTA) ligands containing an integral aromatic perylene bisimide (PBI) core as optical reporter unit. In addition, these EDTA-PBIs ( Figure 2 ) are characterized by a very small periphery in comparison to the Newkome dendronized ones ( Figure 1 ). The presence of the big bulky substituents at both termini of the PBI is expected to strongly determine their aggregation behavior in solution, leading to the formation of monomers even at high concentrations. Although this feature is generally desirable, it could be a hurdle in certain specific applications, such as the dispersion/exfoliation of carbon allotropes where strong aggregation of the exfoliating agent is generally pursued 32 in order to optimise the production of individualized graphene layers/carbon nanotubes in solution. Therefore, smaller side groups emphasize the importance of the molecular core, still ensuring good water solubility and offering supplementary chelation properties. Moreover, the terminal units of PBIs 1a -c provide an additional feature as they enable a facile metal-chelation capacity in both aqueous and organic solutions. Due to the presence of the PBI core as optical reporter unit, the complexation of various metal cations can be studied easily by means of optical analytical techniques, such as UV/Vis and fluorescence spectroscopy.
Results and Discussion
For the synthesis of 1a, two different chemical strategies were pursued. The first route (Scheme 1, top)
is based on a classical convergent synthetic approach, where the selectively functionalized -protected amine 2 was condensed with perylene-3,4,9,10-tetracarboxylic dianhydride (PTCDA), yielding the tertbutyl protected version 3, which was subsequently deprotected in trifluoroacetic acid (TFA) -for further details regarding the synthesis of compound 2 see electronic supporting information, ESI. The free acid 1a is obtained with an overall yield of 21.6 % (based on the starting material putrescine). In addition, this approach is quite time consuming and employs several selective protection and deprotection steps, which impede a straightforward scale-up of the synthesis.
The second strategy (Scheme 1, bottom) involves the direct alkylation of a PBI-based precursor amine and is performed in only three steps: a) the condensation of PTCDA with putrescine, which yield the perylene bisamine 4; b) the alkylation of 4 to the corresponding tetraester 3 and c) the quantitative removal of the tert-butyl protection group releasing the free acid 1a with an overall yield of 11.6 %.
The direct synthesis is primarily based on low cost chemicals and does not require the use of protected amine precursors such as amine 2. Therefore, the outlined synthetic route provides the basis for a cost efficient large scale synthesis of these novel EDTA-PBI derivatives.
Nevertheless, the drawback of this approach is the alkylation of the derivative 4 due to its low solubility in the common suitable solvents for S N 2 reactions (e.g. CH 3 CN), which is responsible for the relatively moderate overall yield.
With this knowledge at hand, the higher branched EDTA-PBIs 1b and 1c where synthesized solely according to a convergent approach (Scheme 2 and 3). The synthesis of the respective precursor amines 2, 11 and 17 is reported in the electronic supporting information. All the derivatives were fully characterized by 1 H-and 13 C-NMR and IR spectroscopy as well as by mass spectrometry and elemental analysis.
For the detailed investigation of the aggregation behavior of these novel compounds and for the direct comparison of their results with other commonly available chelating agents, the simplest derivative 1a
has been chosen and solution based optical measurements were carried out.
Compound 1a exhibits a good solubility in basic (NaOH (aq) , c = 1•10 -3 M) as well as acidic (HCl (aq) , c = 1•10 -3 M) aqueous media. Among the common organic solvents, 1a is very good soluble only in dimethyl sulfoxide (DMSO). The solubility in organic solvents (such as DMSO; N-methyl pyrrolidone, methanol; N,N-dimethyl formamide and diethyl ether) can be drastically increased by the addition of acids, like TFA, formic acid or hydrochloric acid (HCl (aq) ).
In the latter case, though, the introduction of water leads to a strong aggregation of the EDTA-PBI derivative by intermolecular π-π stacking interactions. These induced aggregation phenomena were investigated by 1 H-NMR spectroscopy (electronic supporting information) as well as absorption and emission spectroscopy.
Two aqueous (diluted acid and basic medium) and two organic (DMSO and DMSO with addition of TFA) solvents have been chosen to study the aggregation behavior of EDTA-PBI derivative 1a. For each system the most relevant optical properties have been determined and are collected in Table 1 . In the case of monomeric PBIs, the distinct absorption band relative to the electronic transition S 0 → S 1 is generally found in the range 400 -600 nm and is characterized by three well resolved vibronic peaks.
The predominant two features, located at ≈ 530 nm (0,0) and ≈ 490 nm (0,1), respectively, exhibit a ratio greater than 1.6. 34 Upon aggregation, pronounced modifications appear in the spectra. The intensity of the (0,0) peak is reduced, while that of the (0,1) peak increases accompanied by a pronounced reduction of the absorption coefficient. 17 The ratio between the (0,0) and (0,1) peaks reaches a value of ≈ 0.7 or lower in the case of strong aggregation. 29, 35 As a result, the colour of the solution changes from orange to red.
As depicted in Figure 3 , 1a is significantly aggregated, at room temperatures, both in diluted basic (NaOH (aq) , c = 1•10 -3 M) and acid (HCl (aq) , c = 1•10 -3 M) aqueous conditions, due to the strong π-π stacking interactions of the perylene aromatic cores. M.
The behavior of 1a can be explained as follows. In basic aqueous conditions, pH ≈ 11, the EDTA-PBI is completely deprotonated (EDTA is completely deprotonated at pH > 10.6). Therefore, the aggregation proceeds most certainly via the formation of PBI stacked systems where each molecule is rotated with respect to its nearest neighbors. In such a way, the electrostatic repulsion of the residual charges situated at the periphery of each molecule would be minimized. 36 In acid aqueous solution the aggregation is even more pronounced. As a matter of fact, at the pH under investigation (pH ≈ 3) it is impossible to have a complete protonation of 1a due to the fact that the isoelectric point of 1a is located at a value of pI = 2 or below. 37 We expect thus that 1a exists in an equilibrium between several partly protonated species (H x EDTA y+ , where x < 4 and y < 2) in solution.
Therefore, no sufficient electrostatic repulsion is believed to hinder the aggregation by π -π stacking successfully. Moreover, the absorption spectrum of 1a in diluted HCl (aq) shows a great broadening of the (0,1) peak in comparison to solutions of 1a in diluted NaOH (aq) at the same concentration of the surfactant. The enlargement of the (0,1) peak accounts generally for an extended aggregation in solution 17 and this confirms consequently that in diluted HCl (aq) the aggregation takes place easier. In addition, further aggregation might derive from intermolecular hydrogen bonds between the protonated carboxylic moieties.
Furthermore, H-aggregates 38 are formed in aqueous solution both in diluted NaOH (aq) and HCl (aq) . In both cases, the presence of PBI-dimers 39 is excluded.
In order to get more insight into these aggregation phenomena, we decided to perform additional Zeta potential measurements. The results are collected in Table 2 .
Zeta potential (ζ) measurements are used in order to predict the stability of dispersions. According to
Greenwood et al. 40 , a Zeta potential value higher than ± 30 mV indicates that a colloidal suspension is rather stable; moderate instability is characterized by a ζ value comprised between ±10 mV and ± 30 mV while extensive coagulation/flocculation occurs for ζ value around 0 mV. From the results collected in Table 2 , it is possible to conclude that 1a is more stable in diluted NaOH (aq) compared to diluted HCl (aq) . However, in both cases the suspensions are rather unstable (ζ < 15 mV).
The values of the UV and Zeta potential measurements are also corroborated by the fluorescence quantum yield data. Emission spectroscopy provides further insights into the equilibrium between monomeric and aggregated species. The dominant fluorescence can always be traced back to the monomeric species. In this case the emission profile is also the mirror image of the absorption spectrum.
As aggregation takes place ( Figure 3 ) the absorption spectrum changes and therefore the emission does not appear any longer as mirror image of the absorption spectrum.
As evinced from Table 1 , the fluorescence quantum yield (Φ) is approximately ten times lower for 1a in diluted HCl (aq) compared to 1a in diluted NaOH (aq) . Such drastically decreased Φ values in diluted HCl (aq) solutions might, however, appear counterintuitive. As a matter of fact, the tertiary amine functionalities, situated at both termini of the PBI acceptor aromatic core, determine a pronounced fluorescence quenching as a result of an intra-molecular photo-induced electron transfer (PET).
Similar PBI dyes, which also bear bisamine functionalities linked to the perylene bisimide aromatic core, are generally characterized by an increase of the fluorescence either upon acid addition 19 or by chemical derivatization 41 and also in the presence of metal cations. 42 However, in diluted HCl (aq) it is observed that the aggregation process prevails over the amine protonation. The aggregation by π-π stacking contributes therefore to an overall fluorescence quenching even if the PET process might be partly suppressed.
When the aggregation in solution is prevented it is possible to examine the PET process in detail and to understand how it influences the fluorescence of PBI 1a. For this study, we decided to investigate a solution of 1a in DMSO, in the presence or absence of an acid. TFA was chosen due to the fact that the addition of diluted HCl (aq) would add water to the system, which leads to a more pronounced aggregation of 1a.
First of all, in pure DMSO the behavior of 1a is quite different (Figure 4 ) compared to that in aqueous solutions at room temperature. As a matter of fact, the (0,0) peak is higher in intensity with respect to the (0,1) peak and their relative ratio is about 1.2. This value is lower than the threshold for completely monomeric PBIs (0,0)/(0,1) ratio ≈ 1.6 and therefore we conclude that 1a is present as a mixture of the monomeric and aggregated species in solution.
Due to the residual aggregation and because of the PET process, the fluorescence quantum yield of 1a in DMSO remains pretty low (Φ < 10 %) but five times higher with respect to the value measured in NaOH (aq) solutions, where the EDTA-PBI is strongly aggregated. Upon addition of a small amount of TFA to a DMSO solution of 1a the fluorescence increases ( Figure 4 ) as a result of the protonation of the two tertiary amines, which lowers the energy of their nonbonding orbital below that of the HOMO of the PBI, allowing to switch-on of the fluorescence of the chromophore. 43 In such conditions the fluorescence quantum yield increases drastically (Table 1 ). Concomitantly, due to protonation of the tertiary amines, the aggregation via π-π stacking is lowered and the solubility of 1a is increased. The possibility of switching on/off the fluorescence is remarkable and offers access to a broad range of applications for 1a and analogues PBIs. [44] [45] [46] [47] Moreover, as described elsewhere, 48, 49 it might be possible to correlate the fluorescence intensity to the pH and therefore obtain information about the acid/base equilibrium in solution. In our case, though, after the strong aggregation of 1a took place, titration with either NaOH (aq) or HCl (aq) led to very little modifications of the fluorescence intensity and therefore hindered a reliable determination of the six pK a s values of 1a. However, due to the presence of a ligand periphery attached to a PBI reporter unit, derivative 1a allows the possibility to investigate the coordination of metal ions in solution by means of spectroscopic measurements.
Both naphthalene 50, 51 and perylene [52] [53] [54] [55] [56] [57] [58] based chelating agents have been reported, but to the best of our knowledge none of them with an elongated EDTA-like structure containing an integral PBI unit as optical receptor unit.
As a matter of fact, the tailor-made periphery of 1a was designed to efficiently chelate metal cations.
The lock-and-key interaction of the metal cations with the tertiary amine functionalities at both sides of the EDTA-PBI will result in an energy/electron transfer, which will be transmitted to the central PBI core via the PET process. By monitoring changes in the fluorescence of 1a it can be defined a set of parameters in order to determine the influence of different metals on the EDTA-PBI chromophore.
Of course, the aggregation by π-π stacking of 1a in water and organic solvents will strongly influence the complexation of metal cations in solution. Such hydrophobic interactions could be responsible for the formation of a specific enviroment in solution which allows the easier coordination of certain metal cations and not those expected for similar chelating agents, such as EDTA or iminodiacetic acid, IDA ( Figure 5 ).
Fig. 5
Structures of EDTA (top) and IDA (bottom).
The structure of 1a resembles that of EDTA with the insertion of an integral PBI core between the two chelating moieties. Upon insertion, the separation between the two tertiary amine substituents is enhanced and an intramolecular EDTA-like coordination geometry (hexadentate ligand) is lost.
However, the octahedral chelating geometry may be ripristinated by intermolecolar interactions in solution, e. g. due to aggregation of the PBI molecules. Nevertheless, if in the aggregates the peripheral groups remain remotely enough, the coordination geometry of 1a should resemble more that of IDA (tridentate ligand).
Due to this complexity, we assume that the coordination geometry of 1a in solution would be neither only that of IDA or EDTA, but more reasonably a mixture of both. The complexation of metal cations was investigated both in aqueous and organic media. Working in water based systems, on the one hand, is generally preferred for biological applications although in our case this means a stronger aggregation of the PBI aromatic moieties. In organic solvents, on the other hand, the π-π stacking is generally hindered but only niche applications can be addressed. Moreover, in non-aqueous systems it is more difficult to account for acid/base equilibria which may affect the complexation.
In order to gain the most comprehensive view of the affinity of 1a for metal cations in aqueous solutions at room temperature, thirty common salts have been employed (electronic supporting information).The first study was accomplished in distilled water, where 1a is soluble only at concentrations below 10 -5
M. As mentioned before, in aqueous conditions aggregation takes place easily. This has the following drawbacks. Above all, the fluorescence of 1a is greatly quenched and therefore it is more difficult to discern the origin of the PET process. Moreover, the introduction of ion species in a solution where 1a
is already aggregated might also favor the formation of extended aggregates, which could be defined as supra-molecular polymers in solution. [59] [60] [61] [62] [63] [64] [65] [66] [67] In a typical experiment, to a solution of 1a in distilled water . Such metals do have a complete filled d level and cannot take part in any direct electron transfer processes. However, it has been reported that depending on the geometry of the complex in solution other types of electron transfer processes may contribute to the quenching of the fluorescence of the chromophore. 68 In addition, De Santis et al. 69 showed that Zn 2+ has a specific affinity towards carboxylic acid groups which may lead to a strong fluorescence quenching of the chromophore.
The addition of trivalent metal cations contributes, as well, to a global quenching of the fluorescence of 1a. In particular, the QF values are comparable to those recorded for copper cations (F/F 0 << 0.1).
Nevertheless, the quenching of fluorescence is now accompanied by a strong modification of the emission spectrum of the EDTA-PBI molecule. As a matter of fact, the presence of trivalent metal cations, induced the formation of a new broad band in the emission spectrum of 1a ( Figure 6 ), which may account for the formation of emitting aggregated species (excimers) in solution. [70] [71] [72] [73] [74] [75] Furthermore, after a decantation of 2-3 days, the solutions of 1a titrated with 10 equivalents of M 3+ become transparent and a solid precipitant was formed. The new broadened feature present in the emission spectrum of 1a, which is not present in the normal emission spectrum of 1a in aqueous conditions, is located between 660 -680 nm and the λ max of the peak shifts depending on the metal 75 reported as well the formation of this red-shifted band due to self-assembled/polymeric PBI in solutions.
Fig. 6
Fluorescence spectra of 1a in water after addition of 10 eq. of M 3+ (Sm 3+ is not shown for clarity, due to its higher QF value).
To probe the stability of these metal-induced aggregated emitting species in solution, temperature dependent fluorescence measurements have been performed. As depicted in Figure 7 , an increase in temperature (from 25 °C to 75 °C), leads normally to an increase of the F/F 0 value and this correlates with a lower aggregation in solution. This observation is corroborated by a decrease in intensity and eventually in the disappearance of the band situated between 660 -680 nm in the fluorescence spectrum.
The only exception to this pattern is found for In 3+ .
For this cation in fact, the F/F 0 ratio remains practically constant even at higher temperatures and the band due to PBI excimers persists till 65 °C. Considering that for the other metal cations such band vanishes around 45 °C, we assume a higher stability for 1a-In 3+ complexes and therefore presumably a higher binding constant.
Additionally, with the help of Van't Hoff plots (see ESI), it is possible to evaluate the thermodynamic parameters associated with the denaturation process. As a matter of fact, as the temperature increases the supramolecular structures based on PBI agglomerates coordinated to metal ions tend to disaggregate in solution. In details, the F/F 0 ratio can be considered proportional to the equilibrium constant of the process (K eq ) and a plot of ln(F/F 0 ) vs. So far, we have described the complexation of 1a in aqueous conditions, where 1a is aggregated and the introduction of trivalent metal ions most likely trigger the formation of PBI emitting aggregates in solution.
Fig. 7
Temperature dependent fluorescence spectra of 1a in water after addition of 10 eq. of M 3+ .
In order to get more insights into the interaction of the EDTA-PBI with metal cations in solution, it has been decided to add the metal ions to 1a in a water/DMSO mixture. As mentioned above, 1a is predominantly present as monomer in DMSO and these conditions should provide a better visualization of the true interaction of a single PBI molecule with the metal cation in solution. DMSO/water systems have been very well studied in the literature. [83] [84] [85] [86] Due to the complex interactions of water and DMSO molecules, which lead for example to a pronounced melting point depression for a DMSO molar fraction (x DMSO ) of about 0.33 87 it would be difficult to attempt a detailed description of the effect of metal ions on the PET of 1a over the entire molar fraction range. Therefore, we preferred to focus our attention to the region of 0.8 ≤ x DMSO ≤ 1 (so called, DMSO-rich region). Moreover, in order to assure a sufficient solubility of the metal salts and to avoid as much as possible the hydrophobic effect, it has been decided to work in mixtures where x DMSO = 0.9. ) metal ions have been tested. These five metal cations were selected among those who should form the most stable complexes with IDA and EDTA moieties. First of all, absorption measurements have been performed to investigate the influence of these metal cations on the spectroscopic properties of 1a. As the EDTA-PBI is mostly present as a monomer in solution, absorption spectroscopy can provide precious information about the metal complexation ( Figure 8 ).
Fig. 8
Absorption spectra of 1a in DMSO/water mixture (9:1) after addition of 10 eq. of M x+ .
The addition of bivalent and trivalent metal cations to the EDTA-PBI solution, results generally in a global decrease of the intensity of the absorption bands and in a lower value of the I 529/493 ratio. As described before, a decrease in the latter parameter accounts for the formation of aggregates in solution.
In particular, these effects are strictly dependent on the metal ion and were recorded to be maximal for Co 2+ and Al
3+
. A further proof of the interaction between 1a and the metal cations in DMSO-rich solutions is given by fluorescence spectroscopy measurements. In DMSO-rich solution 1a is still mainly present as monomer in solution. Upon addition of divalent metal cations, quenching of the PBI's fluorescence is observed, most likely due to the electron transfer processes from the metal center to the aromatic core. The affinity for trivalent metal cations remains high, as well. In DMSO-rich solutions, however, the addition of trivalent cations is now correlated with an enhanced fluorescence of 1a ( Figure 9 ). The presence of predominant monomeric species in solution allows a successful interaction of the EDTA-PBI with the metal cations which lead to a drastic quenching of the PET process (Al 3+ EF ≈ 1.18; Fe 3+ EF ≈ 1.83).
Conclusion
In this contribution the first representatives of a new class of perylene bisimide-based surfactants is reported. In particular, the synthesis, optical characterization and metal complexation abilities of PBI derivative 1a were investigated in detail. Two reasonable synthetic pathways, leading to target structure 1a, have been elaborated and discussed. The full optical characterization (UV/Vis and emission spectroscopy) has been reported both under aqueous and in organic conditions. In the former solvent a detailed study of the aggregation behavior has been presented on the basis of absorption as well as fluorescence data and zeta potential measurements, both under basic as well acidic conditions.
Moreover, the influence of the intra-molecular PET process on the spectroscopic properties of dye 1a
in DMSO solution has been described. It has also been shown that upon addition of acid the PET process can be suppressed and the peculiarity of the phenomenon has been discussed with regard to feasible applications. For example, it could be imagined to fully exploit this pH-driven fluorescence sensitivity to develop EDTA-PBI water soluble sensors. Furthermore, a detailed investigation of the complexation of metal cations both in water and DMSO/water mixtures has been offered. This study revealed the importance of the aggregation state of the EDTA-PBI on the complexation properties of 1a. In aqueous conditions, where bulky aggregates prevail, only big alkaline metal cations lead the suppression of the PET process. Bi-and trivalent cations were responsible for a pronounced fluorescence quenching (QF).
Additionally, the complexation of trivalent metal ions is characterized by the formation of emitting aggregate species (excimers), which modify profoundly the emission spectrum of the EDTA-PBI itself.
The origin and stability of these species were discussed by means of temperature dependent fluorescence spectroscopy and In 3+ has been observed to form the strongest complexes, among the metal cations tested. A strong affinity of 1a for di-and trivalent metal ions has been demonstrated in DMSO-rich solutions as well. The former metal cations are involved in energy/electron transfers also with predominantly monomeric PBIs. The addition of the latter results, instead, in a strong fluorescence enhancement (EF).
The intriguing structure of derivatives 1a -c which combines namely an electron deficient central aromatic structure (PBI core), a polycarboxylic backbone and a chelating periphery, renders them suitable for many applications. Among the most appealing ideas, it would be interesting to exploit the potential of 1a for the aqueous exfoliation of carbon allotropes or other 2D-layered inorganic materials, such as molybdenum disulphide (MoS 2 ) or tungsten disulphide (WS 2 ). In the latter case, in fact, it is known that specific ions (like Ni 2+ or Al 3+ ) are used to create inclusion during the exfoliation process and help to hinder the re-stacking of the dispersed material. 88 Finally, the results of the complexation study, collected both in aqueous and organic conditions, underline the striking affinity of 1a for heavy trivalent metal ions. In the following the syntheses of the different PBI derivatives is presented. The synthesis of the amine precursors 2, 11 and 17 is presented in the electronic supporting information. Compound 4 was prepared according to a slightly modified procedure adapted from Xue et al. 89 For the putrescine based derivative 1a, the direct synthesis will be defined as route i, while the convergent synthesis as route ii. ((1,3,8 ,10-tetraoxoanthra[2,1,9-def:6,5,10-d'e'f']di-isoquinoline-
N-bis-(4-aminobutane

2,9(1H,3H,8H,10H)-diyl)bis(propane-3,1diyl)-bis((2-(tert-butoxy)-2-oxoethyl)azanediyl))bis(butane-
4,1-diyl))bis(azanetriyl)-tetraacetate (5):
Precursor amine 11 (0. (1,3,8 5 (0.5 g, 0.37 mmol) was dissolved in 18 mL of TFA. The reaction mixture was stirred for 3 days at room temperature. After evaporation of the solvent, the product was precipitated on addition of diethyl ether. After filtration, the product was dried under vacuum. 1b is isolated as dark red solid (0.30 g, yield = 81.9%). (((1,3,8, 
2,2',2'',2'''-((((
10-tetraoxoanthra[2,1,9-def:6,5,10-d'e'f']diisoquinoline-2,9(1H,3H,8H,10H)-diyl)bis(propane-3,1-diyl-bis((carboxymethyl)azanediyl-bis(butane-4,1-diylbis((carboxymethyl)azanediyl))bis(propane-3,1-diylbis(azanetriyl))tetraacetic acid (1c):
6 (0.23 g, 0.14 mmol) was dissolved in 18 mL of TFA. The reaction mixture was stirred for 6 days at RT.
After evaporation of the solvent, the product was precipitated on addition of diethyl ether. After filtration, the product was dried under vacuum. 1c is isolated as dark red solid (9.4 mg, yield = 56.2%). 4-(1,3-dioxoisoindolin-2-yl) 
Synthesis of di-tert-butyl 2,2'-((
Synthesis of tert-Butyl 4-(1,3-dioxoisoindolin-2-yl)butylcarbamate (9):
1.00 g of 10 (5.30 mmol) was reacted with phthalic anhydride (0.80 g, 5.30 mmol) at 135°C for 10 min under solvent free conditions. After cooling the reaction mixture, methanol was added to remove potentially formed side products by filtration. The filtrate was concentrated under vacuum and 9 was purified by column chromatography (SiO2, dichloromethane/methanol), yielding a white solid; yield 1.22 g (3.85 mmol, 72.6 %); Rf = 0.7 (dichloromethane/methanol 98:2). 1 
Synthesis of 2-(4-aminobutyl)isoindoline-1,3-dione (8):
To a solution of 9 (3.00 g, 9.40 mmol) in 5 mL dicholoromethane 5 mL of trifluoroacetic acid (TFA) was added to cleave the Boc protection group. The reaction mixture was stirred for 4 h at RT. After evaporation of the solvent, the product was precipitated with diethyl ether. After filtration, the product was dried under vacuum yielding compound 8 as TFA salt, white solid, quantitative yield; Rf = 0.35 (dichloromethane/methanol 90:10). 
Synthesis of tert-Butyl 2,2'-(4-(1,3-dioxoisoindolin-2-yl)butylazanediyl)diacetate (7):
To 
Synthesis of tert-Butyl 2,2'-(4-aminobutylazanediyl)diacetate (2):
To a solution of 7 (3.40 g, 2.00 mmol) in ethanol (35 mL), hydrazine hydrate (0.92 mL, 4.00 mmol) was added. The reaction mixture was stirred for 6 h at 50 o C. The formed precipitate was removed by filtration. The filtrate was concentrated in vacuo and the residue was dissolved in dichloromethane and washed with 10% KOH solution. The organic layer was back extracted with brine (50 mL) and dried over Na2SO4 and concentrated in vacuum and purified by column chromatography (SiO2, dichloromethane/methanol/triethylamine) to isolate pure 2 as a liquid, yield 1. -butyl 2,2'-(4-((3-aminopropyl)(2-tert-butoxy-2-oxoethyl) 
Synthesis of tert
Synthesis of tert-butyl 4-(benzylamino)butylcarbamate (16):
10 (6.00 g, 31.00 mmol) was dissolved in 60 mL of methanol. To this solution benzaldehyde (4.06 g, 38.00 mmol), MgSO4 (7.70 g, 63.00 mmol) and triethylamine (0.97 g, 9.00 mmol) was added and the mixture was stirred at RT overnight. Afterwards, the reaction mixture was cooled to 0°C and NaBH4 (6.00 g, 160.00 mmol) was added over a period of 60 minutes. The reaction mixture was stirred for additional 60 minute at 0°C and then at room temperature for 2 hours. Water (200 mL) was added to quench the reaction and the aqueous layer was extracted with ethyl acetate (3 x 150 mL). The organic layer was dried over Na2SO4 and afterwards, the solvent was evaporated under vacuum. 
Synthesis of tert-butyl 4-(benzyl(3-(1,3-dioxoisoindolin-2-yl)propyl)amino)butylcarbamate (15):
To a solution of 16 (5.0 g, 18.00 mmol) in acetonitrile:chloroform (CH3CN:CHCl3) (1:1) (100 mL), N-(3-bromopropyl)phthalimide (6.26 g, 23.00 mmol) and Na2CO3 (3.8 g, 36.00 mmol) was added. The reaction mixture was stirred for 3 days at 80 o C. After completion of the reaction (tlc), the reaction mixture was filtered and the solvent was evaporated under vacuum. The residue was purified by column chromatography (SiO2, dichloromethane:methanol) yielding 15 as transparent light greenish liquid (slowly become solid when kept in refrigerator), yield 6.83 g (14.7 mmol, 81.7 %); Rf = 0.75 dichloromethane:methanol (97:3). 1 
Synthesis of tert-butyl 4-((3-(1,3-dioxoisoindolin-2-yl)propyl)(tert-butoxycarbonyl)amino)butylcarbamate (14):
To the N2-flushed solution of 15 (3.00 g, 6.40 mmol) in 30 mL of methanol (dry), 10% Pd/C (0.45 g) was added, followed by the addition of acetic acid (0.25 mL). Di-tert-butyldicarbonate (2.26 g, 10.00 mmol) was also added to the above solution. The flask was degassed and saturated with hydrogen and stirred for 24 h at room temperature. The reaction progress was monitored by TLC. After completion of the reaction (tlc), the Pd/C was filtered off (celite), washed with methanol and the combined organic solvents were evaporated under vacuum. The residue was purified by column chromatography (SiO2, dichloromethane methanol) yielding 14 as liquid, yield 2.60 g (5.47 mmol, 84.9 %); Rf = 0.65 in 2% methanol:dichloromethane. 
Synthesis of 2-(3-(4-aminobutylamino)propyl)isoindoline-1,3-dione as TFA salt (13):
To a solution of 14 (1.00 g, 2.10 mmol) in 2 mL dichloromethane 2 mL of TFA was added to cleave the Boc protection groups. The reaction mixture was stirred for 4 h at RT. After evaporation of the solvent, the residue was treated with diethyl ether (20 mL, 2 times) and the resulting white solid was filtered off and washed with diethyl ether. The solid product was dried under vacuum to yielding 13 as solid, yield quantitative; Rf = 0.37 (dichloromethane:methanol:triethylamine) (7.5:2:0.5) mixture. , which exchanges with D2O) ppm. 13 (1 C, CH2), 24.276 (1 C, CH2), 25.371 (1 C, CH2) 
Synthesis of tert-butyl 2,2'-(4-((2-tert-butoxy-2-oxoethyl)(3-(1,3-dioxoisoindolin-2-yl)propyl)amino) butylazane-diyl)diacetate (12):
To a solution of 13 (2.5 g, 5.0 mmol) in 1,4-dioxan (65 mL), tert-butyl bromoacetate (3.4 g, 2.82 mL, 17.4 mmol) and diisopropylethyl amine (DIEA) (3.2 g, 30.0 mmol) was added. The reaction mixture was stirred for 24h at 60 o C. After completion of the reaction (tlc), the reaction mixture was filtered and filtrate was evaporated under vacuum. The residue was purified by column chromatography (SiO2, dichloromethane:methanol) yielding 12 as a light greenish liquid, yield 1. 
Synthesis of tert-butyl 2,2'-(4-((3-aminopropyl)(2-tert-butoxy-2-oxoethyl)amino)butylazanediyl) diacetate (11):
To a solution of 12 (2.0 g, 3.2 mmol) in ethanol (30 mL), hydrazine hydrate (0.486 mL, 9.7 mmol) was added and reaction mixture was stirred for 8 h at 50 o C. The formed solid precipitate was removed by filtration. The filtrate was concentrated in vacuum and the residue was dissolved in dichloromethane and washed with 10% KOH solution. The organic layer was extracted with brine (50 mL), dried over Na2SO4 and concentrated in vacuum yielding a residue which was further purified by column chromatography (SiO2, dichloromethane:methanol:triethylamine). -tert-butyl 2,2'-((3-((4-((3-aminopropyl)(2-(tert-butoxy) 
Synthesis of tert-butyl 4-(benzyl(3-(carbobenzyloxyamino)propyl)amino)butylcarbamate (12):
To a solution of compound 16 (10.00 g, 36.0 mmol) in acetonitrile:chloroform (1:1) mixture (100 mL), N-carbobenzyloxy-3-bromopropylamine (11.29 g, 42.0 mmol) and Na2CO3 (3.80 g, 36.0 mmol) was added. The reaction mixture was stirred for 48 h at 70 o C. After completion of the reaction (tlc), the reaction mixture was filtered and the solvent was concentrated in vacuo. The residue was purified through column chromatography (SiO2, dichloromethane:methanol). 24 was isolated as a liquid, yield 12. (1 C, CH2), 26.268 (1 C, CH2), 27.693 (1 C, CH2) 
Synthesis of benzyl 3-(benzyl(4-(benzylamino)butyl)amino)propylcarbamate (22):
Compound 23 (2.5 g, 6.8 mmol) was dissolved in 25 mL of methanol. To this solution, benzaldehyde (0.86 g, 8.1 mmol), MgSO4 (1.63 g, 13.5 mmol) and triethylamine (0.81 g, 8.1 mmol) was added and the reaction mixture was stirred at RT overnight. After cooling to 0 o C, NaBH4 (1.53 g, 40.6 mmol) was added over a period of 1 h. The reaction mixture was further stirred at 0 o C for 1 h and then at RT for an additional hour. Water (200 mL) was added to quench the reaction and the solution was extracted with ethyl acetate (3 x 150 mL). The combined organic layers were dried over Na2SO4 and afterwards, the solvent was concentrated in vacuo. The residue was purified through column chromatography (SiO2, dichloromethane:methanol) to isolate pure 22 as a solid, yield 1.62 g (3. 
Synthesis of tert-butyl 3-((4-((3-(1,3-dioxoisoindolin-2-yl)propyl)(tert-butoxycarbonyl)amino) butyl) (tert-butoxycarbonyl)amino)propylcarbamate (20):
To the N2-flushed solution of compound 21 (13.0 g, 20.0 mmol) in 200 mL of methanol (dry), 10% Pd/C (2.0 gm) was added followed by addition of actic acid (4.0 mL). Afterwards, di-tert-butyldicarbonate (21.94 g, 100.0 mmol) was added to this solution. The flask was degassed and saturated with hydrogen and stirred for 48 h at room temperature. The degassing and saturation with hydrogen were regularly repeated during this time interval. The reaction progress was monitored by TLC. After completion of the reaction (tlc), the Pd/C was filtered off (celite), washed with methanol and the solvent was concentrated in vacuo. 
Synthesis of 2-(3-(4-(3-aminopropylamino)butylamino)propyl)isoindoline-1,3-dione as TFA salt (19):
In order to cleave the Boc protecting groups, 4.5 mL of trifluoroacetic acid was added to a solution of 20 (1.50 g, 2.4 mmol) in 4.5 mL of dichloromethane. The reaction mixture was stirred for 4 h at RT. After evaporation of the solvent, the product was precipitated by addition of diethyl ether. After filtration, the solid product was dried under vacuum yielding 19, as a white solid, yield quantitaive; Rf = spot remained on base. 1 
Synthesis of tert-butyl 2,2'-(3-((2-tert-butoxy-2-oxoethyl)(4-((2-tert-butoxy-2-oxoethyl)(3-(1,3-dioxoisoindolin-2-yl) propyl)amino)butyl)amino)propylazanediyl)diacetate (18):
To a solution of compound 19 (1.40 g, 2.0 mmol) in dioxane:acetonitrile (8:2) (20 mL), tert-butyl bromoacetate (1.5 mL, 9.1 mmol) and diisopropylethylamine (2.90 mL, 16.5 mmol) were added. The reaction mixture was stirred for 24h at 45 o C. After completion of the reaction (tlc), the reaction mixture was filtered and the solvent was concentrated in vacuo. 
Synthesis of tert-butyl 2,2'-(3-((4-((3-aminopropyl)(2-tert-butoxy-2-oxoethyl)amino)butyl)(2-tert-butoxy-2-oxoethyl)amino)propylazanediyl)diacetate (17):
To a solution of compound 18 (0.40 g, 0.5 mmol) in ethanol (20 mL), hydrazine hydrate (0.076 mL, 1.5 mmol) was added and the reaction mixture was stirred for 4 h at 45 o C. The formed precipitate was filtered off and the filtrate was concentrated in vacuum. The residue was dissolved in ethyl acetate and washed with 10% KOH solution. The organic layer was extracted with brine (50 mL), dried over Na2SO4 and concentrated in vacuum to obtained a residue which was further purified by column chromatography (SiO2, dichloromethane:methanol:triethylamine) yielding 17 as a liquid, yield 0. Solubility tests for the characterization of (1a) in solution 
NaOH 1M
Water-induced aggregation of (1a) in DMSO solution
The 1 H-NMR spectrum of 1a in DMSO-d6 was recorded in presence of TFA and HCl 37% (0.05 mL). As shown in Figure S2 , all peaks in the aliphatic region (δH 1.6 -4.2 ppm) remain more or less at the same position in both samples, while the aromatic area (δH 8.2 -8.9 ppm) changes completely. In the presence of TFA, two well resolved doublets are visible and each of them displays a broad undefined band on the side. When HCl is added, instead of TFA, just those two broad bands are visible, whereas the two doublets are lost. Since the addition of concentrated HCl adds some water to the sample, it is assumed that the PBI derivative 1a aggregates more strongly under these conditions. Therefore, the two broad bands are attributed to the aggregated form of 1a. To further support these preliminary observations, a titration experiment followed by UV/Vis measurements ( Figure S3 ) was carried out. A solution of PBI 1a in DMSO was titrated with concentrated HCl (37 %) and the UV/Vis spectra were collected after each addition. As presented in Figure 4 , upon addition of HCl the spectrum profile changes significantly: the intensity of the (0,0) peak decreases and at the same time an increase of the intensity of the (0,1) peak is observed. This suggests that aggregation of the perylene bisimide surfactant dye 1a is taking place. 
